The pulping properties of cypress species are not known and the present paper aims to filling this gap. Namely, Cupressus lusitanica Mill., C. sempervirens L. and C. arizonica Greene have been submitted to kraft pulping and the pulp properties are compared with those of Pinus pinaster Aiton. and P. sylvestris Watereri as references. Schopper Riegler degree, density, Bekk's smoothness, tensile index, tear index, burst index, stretch, dry zero-span strength, wet zero-span strength, brightness, opacity and light scattering coefficient have been tested. The pulp yields and delignification degrees of cypress woods were lower than those of the pine references. Fibre length, width and coarseness were statistically different between pines and cypress species and C. sempervirens pulps have corresponding data close to those of pine species. Cypress pulps can be refined much faster than pine pulps. The papers sheets of cypress fibres have, in general, lower mechanical performance than those of pine fibres. Papers from C. arizonica and C. lusitanica are similar and C. sempervirens has intermediate properties being between the other cypress and pine species. However, cypress fibres are relatively short, flexible and collapsible and can be refined with low energy demand, and thus could be incorporated into papers resulting in products with better light scattering and smoothness.
Introduction
Pulps and papers of various types are commodity products of high economic relevance. Their properties are largely determined by the biometric characteristics of the pulp fibres, i.e., by the wood species submitted to pulp production (Biermann 1996) . The common raw materials for pulping are Pinus sylvestris or Picea abies among the softwoods, or Eucalyptus globulus or Betula pendula among the hardwoods. However, increasing requirements for sustainable management may cause constraints on forest resources and there is a raw material shortage in many countries. The knowledge about the pulping properties of hitherto not used woods for pulping may offer alternatives.
Portugal is a country with a strong pulp and paper industry that faces shortage of raw-material supply, especially of softwoods. The supply of the endemic Pinus pinaster wood for production of softwood bleached pulps does not cover that needed (1,113,300 m 3 in 2011) and about 27% of the softwoods are imported, mainly P. sylvestris (CELPA 2011) from Scandinavia. In the last 20 years, drylands and burned areas have been reforested by the fast-growing conifers Cupressus lusitanica, C. sempervirens, and C. arizonica (Correia and Oliveira 1999) . Meanwhile, available trees of these species could be envisaged as supply for the pulping industry.
However, the wood characteristics and pulping aptitude of cypress species and their papermaking potential are not well known. There are only scarce reports on chemical properties and utilisation of cypress species (Arnould et al. 2010) . The objective of this study is to characterise papers made with cypress pulps of the species C. lusitanica, C. sempervirens and C. arizonica, in line with a strategy of diversifying pulp and paper raw-materials. The behavior of cypress papers in relation to fibre structural features, response to refining and paper performance at mechanical and optical levels will be studied and the obtained data will be compared with those of the well-established pinewood pulps of Pinus pinaster (maritime pine) and P. sylvestris (Scots pine). Furthermore, statistical tools will be used to differentiate species and interrelated properties.
Materials and methods
The investigated species, C. lusitanica, C. sempervirens, and C. arizonica were grown in Portugal in an experimental stand located in Castelo Branco. Seventeen-year-old trees with a mean diameter of 1.3 m at breast height (BH) and total tree height (TH): C. lusitanica (BH 12.3 cm, TH 5.2 m), C. sempervirens (BH 11.3 cm, TH 6.9 ) and C. arizonica (BH 18.0 cm, TH 7.9 m), were selected. Such trees correspond to materials that are available for pulping from forest thinning. Two trees were harvested from each species and samples were taken as 10 cm thick wood discs from 2 m of stem height above the ground. The wood discs were subdivided transversely into thinner discs for wood characterisation. The remaining material was chipped in an industrial sawmill and screened and chips with dimensions of ca. 0.5 cm × 1 cm × 2 cm were collected for pulping. The wood basic density of cypress species was 0.432 g cm -3 for C. lusitanica, 0.453 g cm -3
for C. sempervirens, and 0.430 g cm -3 for C. arizonica. Representative commercial wood chips from P. pinaster grown in Portugal and from P. sylvestris grown in Finland served as reference with wood basic densities of 0.465 g cm -3 and 0.423 g cm -3
, respectively. Kraft pulping process was performed on 1000 g o.d. wood in a forced circulation digester (Haato-tuote oy, Finland) under the following conditions: 25% alkali charge (as NaOH), 30% sulphidity, liquor/wood ratio 5:1, pulping temperature 170°C; heating time to t max 90 min, time at t max 150 min. Pulp yield, kappa number (KN, ISO 302) and pulp viscosity (ISO 5351/1) were determined according to the standards. The pulps were bleached with the elemental chlorine free sequence D 0 E 1 D 1 E 2 D 2 according to Santos et al. (2008a) .
The bleached kraft pulps were beaten in a PFI mill (Hamjern Maskin, Norway) at 1000, 4000 and 7000 revolutions under a refining intensity of 3.33 N mm -1 , according to the ISO 5264/2 standard. Fibre width, fibre length, coarseness, kinked fibres, curl, and number of fibres per gram of the unbeaten and beaten pulp fibres were determined in a Morfi ® analyser (TECHPAP, Gieres, France) controlled with a computer, according to Santos et al. (2012) . The drainage resistance of the pulp suspensions was evaluated as Shopper-Riegler ® degree (°SR), with a Lorentzen & Wettre (Sweden) mod. 14W equipment, according to the ISO 5267/1 standard.
Paper handsheets were prepared according to Tappi T 205 om-88 and conditioned in a climate room at 23 ± 1°C and 50 ± 2% relative humidity (RH) for 48 h (NP EN 20187, ISO 187) before testing. The following properties were measured: 1. Density: the determination of the paper handsheets density was made according to the Tappi 220 sp-01 standard; 2. Bendtsen air permeability: the air permeability measures the flow rate in cubic centimetres per minute, passing through 10 cm 2 of paper under a pressure difference of 1.47 kPa, using a Bendtsen ® Tester from Andersson & Sorensen, Model 6, according to ISO 5636-3 F standard; 3. Bekk's smoothness: At a defined pressure difference, the time in seconds in which a specified amount of air requires to flow radially inwards between the paper surface and a ring-shaped glass plate and on into a vacuum chamber is measured. A Bekk ® Tester from Messmer was used and the test carried out according to Tappi 479 cm-09 standard; 4. Tensile index: testing samples were performed in a testing machine Adamel Lhomargy DY 20, with a 1.0 kN load cell, according to ISO 1924-2 standard. The distance between clamping jaws was set to 100 mm and cross head speed was set to 10 mm min -1 ; 5. Stretch is the elongation before rupture measured during the testing of tensile strength, and is expressed in percentage of the initial length; 6. Burst index is the maximum pressure that one sheet of paper can withstand without burst when pressure is applied perpendicularly to the surface; it was determined with the Burst-O-Matic ® equipment from Messmer, according to the Tappi 403 om-10 standard; 7. Tear index was determined with an Elmendorf ® tearing test froAdamel Lhomargy ED 20, according to the Tappi 220 sp-96 standard; 8. Zero-span tensile strength: this test is intended to determine the intrinsic resistance of the individual fibres without the contribution of inter-fibre bonds; it was determined in dry and wet handsheet samples, with a PULMAC ® Inst., model TS-100 equipment, according to the Tappi 273 pm-95 standard; 9. Opacity, brightness and light scattering coefficient were determined with a colour spectrophotometer Touch 2 Technidyne (mod. ISO) according to SCAN-C27, ISO 2469 , ISO 2470 and ISO 2471 standards. Brightness was determined at a wave length of 457 nm.
The experimental data were analysed by variance analysis (ANOVA) and principal component analysis by means of commercial software Statistics ® . In the ANOVA study, each factor after the first is nested in the one above.
Results and discussion

Pulp yields
The kraft pulp yields and kappa numbers (KN) obtained for the cypress woods were C. lusitanica 36.7% at KN 31.6, C. sempervirens 38.7% at KN 28.7, C. arizonica 37.7% at KN 32.0. The yields were lower and the KNs higher than those obtained for the reference species, i.e., P. pinaster (40.8% at KN 23.4) and P. sylvestris (42.8% at KN 21.4). The lower delignification achieved under the selected pulping conditions for the Cupressus woods is probably related to their higher lignin contents (33.0% to 35.6%) in relation to those of the two pines (28.0-28.7%). The viscosity of the cypress KPs (657-772 cm 3 g -1
) was lower than that of the pine references (830-890 cm 3 g -1
). Regarding bleaching, no significant differences in brightness were observed between the cypress and the pine pulps. These results show that there is scope for improving the pulping process towards a higher delignification adapted to the Cupressus wood characteristics. Table 1 summarises the biometric characteristics of the fibres of the three cypress unrefined pulps and of the two reference pulps. The term fibre is used in this paper as usual in the pulp and paper practice, although anatomically the cells correspond to tracheids. Fibre length, width, and coarseness were statistically different between all species. In general, the cypress pulps exhibited markedly lower fibre dimensions and coarseness than the pine pulps, with the pulp from C. sempervirens showing higher values compared with the other cypresses. Comparing the characteristics of cypress fibres with the values found by other authors (Table 2 ), it appears that the cypress fibres of these young trees are narrower than the reference softwood pulp fibres and their fibre lengths are intermediate between the reference values for hardwood and softwood fibres. The coarseness values are markedly lower than those reported in the literature for P. pinaster and P. sylvestris. The fibre width between the cypress and pine pulps was obtained by image analysis of the pulp suspension in the Morfi equipment (Table 1 ). The data sets of Cypressus and Pine species are different, and cypress fibres exhibit significantly higher percentage of kinked fibres and higher curl than the coarser pine fibres.
Morphological characteristics
The interpretation of these biometric data shows that cypress fibres may have relatively narrow lumens and thin cell walls, in accordance with their lower coarseness. C. arizonica have the smallest cells while C. lusitanica the lowest coarseness. Paraskevopoulou (1991) studied the variation of fibre length and width from 50-70-year-old trees of C. sempervirens var. horizontalis from three provenances in Greece and for different height levels and distances from pith. These published values are different from those reported in the present study, probably due to the differences in tree age since fibres have increased dimensions in mature wood (Zobel and Van Buijtenen 1989) . Table 3 presents the drainability resistance ( o SR) of the unrefined and refined pulps at three refining levels. Accordingly, the cypress pulps refine much faster than the pine pulps; for example at 4000 PFI revolutions, the °SR of the pine pulps was 25-27, while that of the cypress pulps ranged 31-40. The pine pulp fibres are longer, thicker, and coarser than those of cypress (Table 1) , which led to lower specific surface area. These biometric features combined with the lower fibre flexibility, can explain the deviating refining responses of the pulps. P. pinaster pulp exhibits a slightly higher resistance to drainage than P. sylvestris, probably due to its higher fines content (10% vs. 7% for the unbeaten pulps). The faster refining rate of the cypress pulp fibres has a positive impact on energy consumption in the refining process, which is an energy intensive operation. The fibres of C. sempervirens are more similar to the pines fibres, while C. arizonica is the most different. In summary, the fibre morphology has a great impact on the beating response and drainability resistance development.
Refining
Paper density
Density is one of the most important properties of paper, because it is a good indicator of fibre flexibility and bonding (Brandon 1981; Seth 2001 ) and also of paper strength (Kline 1982) . The paper density results are presented in Table 3 . The paper sheets made with the cypress pulps had always higher densities than those of the pine pulps, refined or not (Figure 1a ). For instance, the density of the papers made with the most refined pulps was 0.92 cm 3 g -1 for C. sempervirens and 0.79 cm 3 g -1 for P. sylvestris. These results highlight the strong effect of the slenderness and lower wall thickness of the cypress pulp fibers. It should be noted that the cypress pulps develop a dense structure, even before beating. Despite these high ) and air permeability (μm Pa s initial values, the paper density increased substantially with refining (Table 3) , revealing the high aptitude of the cypress pulp fibres to collapse and develop densified structures. The longer and coarser pulp fibres lead to such high density papers only after extensive beating. ANOVA (Table 4 ) of the pulp drainage and paper density data shows that the refining level is the major factor to explain variation, which is an expected result due to the well known impact of refining on paper structure and mechanical properties. The effect of species, when considering the three cypresses and two pines, only explains 4.5% of the variation in o SR and 37.5% of the paper density. If ANOVA is considered only for the three cypress species, only 11.4% of the variance of paper density is attributed to the different cypress species. This is in accordance with the differences in the morphological characteristics of the cypress and pine pulps.
Air permeability and smoothness
The air permeability of cypress papers was much lower than that of pines papers at a given pulp refining energy (Table 3 ). This behaviour is mainly explained by the higher density of the paper produced with cypress fibres, resulting into a more compact matrix (lower porosity) of bonded fibres leading to a lower paper permeability. Accordingly, the surface smoothness was much higher for the cypress papers and increased significantly with increasing refining intensity and paper density (Figure 1b) . F.D., freedom degrees; Sig., significance level; Var., variance percentage; NS, not significant (P>0.05). *Significant (0.01<P<0.05), **Very significant (0.001<P<0.01), ***Highly significant (P<0.001).
Mechanical properties
The tensile strength (TS) is one of the most important mechanical properties of papers that conditions to a large extent their suitability for demanding applications. TS depends on intrinsic fibre strength and fibre length but also on the interfiber bonding and therefore refining is a fundamental operation to increase TS (Szwarcztajn and Przybysz 1972; Kang and Paulapuro 2006) . The previous data on drainage resistance and densification development have shown that the cypress fibres respond faster and more intensively in beating. However, as paper strength has the contribution of other fibre characteristics, such as intrinsic fibre strength and fibre length, the tensile index (TI) evolution and extent is not very different between all the pulps as a function of beating level (Figure 2a ). The variance analysis confirms that the differences between species are small and it was the refining level that accounted for over 90% of the total variation (Table 4) . However, when TS is plotted as a function of paper density ( Figure 2b ) the superior performance of the pines fibres (longer than cypress) is revealed, as expected, due to the higher intrinsic fibres strength ( Figure 4 ) and better TS distribution in the long fibres. The zero-span TS is the measure of the strength of the fibre itself. According to Zeng et al. (2012) fibre deformations have a definite effect on the zero-span TS, due to their effect on fibre shape and strength. On average, the dry zero-span TS (Figure 3 ) was significantly higher for the pines than for the cypress species: in the unrefined pulp, the dry zero-span TI was 164 N m g -1 and 127 N m g -1
for P. sylvestris and P. pinaster, respectively and 117 N m g -1 , 98 N m g -1 and 104 N m g -1 for C. sempervirens, C. lusitanica and C. arizonica. Lower differences were found for the wet zero-span TS. The higher fibre strength of the pine fibres, both under dry and wet conditions, is due to the lesser number of weak points along the fibres because of their higher fibre-wall thicknesses. In fact, the number of kinked fibres for the unbeaten pulps decreases from 65% to 45%, for cypresses and pines, respectively.
ANOVA of zero-span tensile strength (Table 4 ) confirms the differences between pines and cypresses, as well as between the three cypress species. The refining level is also a significant parameter to differentiate intrinsic TS in the different papers, probably because it enhances the difference in the kinks and nodes of fibres. Zeng et al. (2012) and Leopold and Thorpe (1968) reported for Nordic softwood species an increase of strength through a lower fibril angle (FA) and less wall weak points given by kinks and nodes. Therefore, it can be concluded that the superior performance of the pine species in normal TS is also supported by the higher intrinsic fibre strength of these species. Burst is a non-directional tensile strength test that indicates how much pressure paper can tolerate before rupture. The results for burst indices show similar tendencies to those of TI (Figures 3 and 4) . ANOVA shows that burst index depends mainly on the refining level (Table 4) as it was demonstrated for TS. number of fibres per gram. The papers produced with cypress fibres show higher density, drainability resistance and smoothness at a given PFI revolution level than the pine species. At a given paper density, the papers produced from cypress species have in general lower mechanical performance but higher optical performance than the corresponding pine papers. Papers produced from C. arizonica and C. lusitanica are similar, and C. sempervirens has properties intermediate between these cypress and pine species. However, the energy demand of cypress fibres for refining is low and thus these fibres could be incorporated into papers for the improvement of the ratios of light scattering/tensile strength and smoothness/tensile strength.
The tear index of the cypress refined papers was smaller than that of the pine papers (Figure 2a,b) e.g., papers for 4000 PFI revolutions had tear index of 10.9 mN m 2 g -1 and 15.4 mN m 2 g -1
, respectively, for cypresses and pines. This should be a consequence of lower fibre length and lower intrinsic fibre strength of the cypress pulps as tear index depends on the fibre characteristics, namely fibre coarseness and length, even more than TS. The effect of refining level was also highly significant (Table 4) .
Optical properties
The optical properties of papers are quite important in the context of their applications, namely those related to printing. Opacity is related to the see-through of printed images or text, and brightness is relevant for newspaper and printing paper due to its effect on legibility and contrast between print and paper. The light scattering coefficient indicates unbound area between fibres and is an inverse estimation of fibre bonding (Clark 1985; Seth 2001) .
The variation of opacity, light scattering, and brightness, although to a lower extent, decrease markedly with refining for all species, which is a well known effect. ANOVA confirmed that the refining level was highly significant and explained about 90% of the total variance observed (Table 4) . When opacity and light scattering was represented as function of paper density, however, huge differences between pulps were revealed (Figure 5a-c) .
Conclusions
Compared with pines, the investigated cypress woods have lower fibre length and coarseness, but contain a higher
